Mitochondrial cytochrome P450 11A1 (CYP11A1 or P450 11A1) is the only known enzyme that cleaves the side chain of cholesterol, yielding pregnenolone, the precursor of all steroid hormones. Pregnenolone is formed via three sequential monooxygenation reactions that involve the progressive production of 22R-hydroxycholesterol (22HC) and 20␣,22R-dihydroxycholesterol, followed by the cleavage of the C20-C22 bond. Herein, we present the 2.5-Å crystal structure of CYP11A1 in complex with the first reaction intermediate, 22HC. The active site cavity in CYP11A1 represents a long curved tube that extends from the protein surface to the heme group, the site of catalysis. 22HC occupies two-thirds of the cavity with the 22R-hydroxyl group nearest the heme, 2.56 Å from the iron. The space at the entrance to the active site is not taken up by 22HC but filled with ordered water molecules. The network formed by these water molecules allows the "soft" recognition of the 22HC 3␤-hydroxyl. Such a mode of 22HC binding suggests shuttling of the sterol intermediates between the active site entrance and the heme group during the three-step reaction. Translational freedom of 22HC and torsional motion of its aliphatic tail are supported by solution studies. The CYP11A1-22HC co-complex also provides insight into the structural basis of the strict substrate specificity and high catalytic efficiency of the enzyme and highlights conserved structural motifs involved in redox partner interactions by mitochondrial P450s.
Steroid hormones are essential for life. In vertebrates, they are all synthesized from pregnenolone, which is in turn formed from cholesterol via a three-step process catalyzed by cytochrome P450 11A1 (CYP11A1) (1) . During the first step, cholesterol is converted to 22R-hydroxycholesterol (22HC), 3 the second step produces 20␣,22R-dihydroxycholesterol (20, 22DHC) , and the third step involves the cleavage of the C20-C22 bond in 20,22DHC to yield pregnenolone (supplemental Fig. S1A ) (2) . Sterol intermediates do not accumulate during the conversion of cholesterol to pregnenolone and bind much more tightly to CYP11A1 than cholesterol, suggesting that they remain in the active site until all three oxidative steps are completed (1, 3, 4) . All enzymatic steps take place in the inner mitochondrial membrane of steroidogenic tissues and require a total of 3 mol of O 2 , 3 mol of NADPH, and six electrons transferred separately from NADPH to adrenodoxin reductase, adrenodoxin (Adx), and CYP11A1 (supplemental Fig. S1B ). CYP11A1 is an important enzyme whose deficiency leads to lipoid congenital adrenal hyperplasia, a lethal disease if untreated (5) . Although this P450 has been the subject of extensive studies (6) , the key amino acid residues involved in substrate recognition and catalysis have not yet been identified, and the mechanism by which CYP11A1 carries out three sequential monooxygenation reactions with the intermediates not leaving the enzyme active site remains unclear.
The significance of CYP11A1 extends beyond involvement in biosynthesis of steroid hormones. This hemoprotein is among the only four enzymes in vertebrates (CYP7A1, CYP27A1, CYP46A1, and CYP11A1) that initiate biotransformation of cholesterol in different organs and thus play important roles in the maintenance of cholesterol homeostasis (7) . Cholesterol-metabolizing P450s share low amino acid sequence identity (Ͻ25%) and produce different cholesterol metabolites (5) yet bind cholesterol tightly and represent a unique system to study enzyme adaption to physiological requirements of different organs for cholesterol turnover rate. Previously, we determined crystal structures of ligand-free and sterol-bound CYP46A1 (8) , a microsomal monooxygenase that controls cholesterol turnover in the brain (9) . In this study, we structurally characterize sterol-bound CYP11A1. The crystal structure reveals specific interactions between the enzyme and the intermediate substrate 22HC and implies a unique mechanism for substrate retention underlying the three-step catalysis. Comparison with CYP46A1 reveals the diversity of cholesterol-binding modes by different cholesterol hydroxylases. Comparison with CYP24A1, the first structurally characterized mitochondrial P450 (10) , elucidates the mechanism of closure of the active site, demonstrates a similar orientation for P450 insertion into the lipid bilayer, and confirms the role of conserved structural elements in interaction with the redox partner, Adx.
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization-Fulllength mature bovine CYP11A1 with a His 4 tag at the C terminus was expressed as described previously (11) and purified using five consecutive chromatography steps on DEAE-cellulose, nickel-agarose, hydroxylapatite, Adx-Sepharose, and SP-Sepharose with 50 M 22HC and 5 mM CHAPS present in all the buffers. During the last chromatography step, CHAPS was replaced with 2.8 mM octyl pentaethylene glycol ether (C 8 E 5 ). Crystals of CYP11A1 were grown at 18°C overnight in sitting drops after 1 l of CYP11A1 solution was mixed with 1 l of precipitant solution. The P450 solution contained ϳ23 mg/ml CYP11A1, 50 mM potassium phosphate buffer (pH 7.2), 20% glycerol, 0.1 M NaCl, 0.1% C 8 E 5 , 50 M 22HC, and 1 mM EDTA. The precipitant solution was 14% PEG 1000, 20% glycerol, 12% JEFFAMINE ED-2001, 0.1 M MES (pH 7.0), and 10% isopropyl alcohol.
Structure Determination-The structure was determined by molecular replacement using rat mitochondrial CYP24A1 (Protein Data Bank code 3K9V) as a search model and 2.8-Å resolution data for CYP11A1 in space group P3 2 2 1 2. The structure was refined against a 2.5-Å resolution data set for CYP11A1 in space group P2 1 (supplemental Table S1 and Figs. S2 and S3). Coordinates and structure factors have been deposited with the Research Collaboratory for Structural Bioinformatics (Protein Data Bank code 3MZS).
Solution Studies-Reduced CO difference spectra were recorded as described (12) under anaerobic conditions in 50 mM potassium phosphate buffer (pH 7.2) containing an oxygenscavenging system (60 mM glucose, 2000 units/ml catalase, and 30 units/ml glucose oxidase). The buffer was degassed and bubbled with nitrogen prior to the addition of the oxygen-scavenging system and CYP11A1. Reduced Adx was obtained by addition of an equimolar amount of sodium dithionite to oxidized protein. When reduced Adx was mixed with reduced CYP11A1, the latter was reduced prior to addition of the former by addition of an equimolar amount of sodium dithionite.
RESULTS AND DISCUSSION
Binding of 22HC to CYP11A1-The CYP11A1-22HC complex crystallized in space group P2 1 with four copies in the asymmetric unit (a D2 symmetric tetramer with root mean square deviation ϳ0.5 Å between component monomers) (supplemental Table S1 ). The overall fold and details of the active site are similar in all copies, including well defined electron density for 22HC allowing unambiguous fitting of the substrate (supplemental Figs. S2 and S3). Ninety-two H 2 O molecules were resolved, most within the active site cavity.
The CYP11A1 structure displays the canonical P450 fold with two additional helices, AЈ and KЉ, which are also present in mitochondrial P450 CYP24A1 (10) . The active site cavity in CYP11A1 is closed and resembles a banana-shaped tunnel (Fig. 1A) . 22HC occupies only two-thirds of the volume of the tunnel, with the sterol ␤-surface facing the distal side of the heme. The aliphatic tail of 22HC is centered over the heme iron, and the 3␤-hydroxyl is directed toward the aqueous cavity. Thirty-nine residues from 14 different secondary structural elements define the active site cavity in CYP11A1. A, amino acid residues (marine) within 4 Å of 22HC. B, array of structural water molecules (violet spheres) hydrogen-bonded to the 22HC 3␤-hydroxyl and to the residues (pink) at the entrance to the active site. For clarity, residues interacting with 22HC are omitted in this panel. The heme group is depicted in red, and 22HC is depicted in yellow. The nitrogen, oxygen, sulfur, and iron atoms are in blue, red, yellow, and orange, respectively. The enclosed volume of the active site is shown as a semitransparent surface.
are from the ␤1-4 strand region). In addition, Phe-458 (␤4 -1 strand) restrains the edge of sterol ring A. Collectively, the active site amino acid residues form a cavity whose shape is in good agreement with previous studies on CYP11A1 substrate specificity. The enzyme active site was shown to have strict requirements for the planarity of the sterol backbone, extra space beyond the 3␤-hydroxyl and aliphatic tail, and limited space at carbon atoms 4 -6 and 17 (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
In the crystal structure, the 22R-hydroxyl is located above the heme tetrapyrrole with the Fe-O22 distance (2.56 Å) within the reported errors for a coordinate bond (23) , yet, in solution, 22HC elicits a partial type 1 spectral response in the CYP11A1 absolute spectrum and predominantly a type 1 response in the difference spectrum ( Fig. 2) , indicative of pentacoordinate iron with no distal coordination. This apparent discrepancy could be explained as follows. The CYP11A1-22HC complex is sampling more than one spin state population, some characterized by the distal iron coordination, whereas others are not. The population of these spin states would conform to Boltzmann statistics and is temperaturedependent. Because the x-ray and spectral data were collected at two different temperatures (100 K and ambient, respectively), the coordinated state is captured in the crystal structure, whereas at ambient temperature, the ligand is more mobile, affording the partial type 1 spectra. If this is the case, coordination of the heme iron explains a much tighter binding of 22HC relative to cholesterol and its stereoisomer 22S-hydroxycholesterol (3, 4) but does not support the existence of an active site residue that interacts with the 22R-hydroxyl by hydrogen bonding proposed by previous studies (4). There are no amino acid residues or water molecules closer than 4.0 Å from the 22R-hydroxyl in the crystal structure of CYP11A1.
A remarkable feature of the CYP11A1 co-complex is the nature of the interactions with the sterol 3␤-hydroxyl. Although this group has no direct contacts with the protein, it forms two hydrogen bonds with crystallographically observed waters Wat-523 and Wat-526, which are hydrogen-bonded to the side chain of Gln-377 and Wat-525, respectively (Fig. 1B) . Gln-377 participates in an extensive hydrogen bond network with the Tyr-62 hydroxyl, Wat-549, Wat-521, Wat-522, Glu-53, and the His-40 imidazole, whereas Wat-525 interacts with the Leu-210 carbonyl and Tyr-83 hydroxyl (waters are found in similar positions in all four monomers) (supplemental Fig.  S4 ). We propose that these water-mediated interactions with substrate are the mechanism by which CYP11A1 recognizes substrate; hence, we term it "soft" recognition. Portions of the enclosed space at the active site entrance not exhibiting ordered solvent are presumed to contain water, as they are also surrounded by polar residues. Altogether, the volume unoccupied by 22HC at the active site entrance accounts for ϳ28% of the total volume of the active site cavity (625 Å 3 ), which is sufficient to accommodate up to 15 waters at one time. The presence of the water array at the active site entrance in all four copies suggests that hydration of this part of the active site is important for CYP11A1 function. In particular, the lack of specific recognition of the 3␤-hydroxyl and the presence of water-mediated interactions with the protein instead suggest that the substrate can exhibit mobility while remaining bound within the enzyme. The shape of the active site implies that substrate movement is translational such that the intermediates move toward or away from the heme. Translational freedom of the entire substrate, together with torsional changes in the aliphatic tail, could position the C20 or C22 atoms for stereospecific sequential oxidation reactions.
Mechanistic Implications of the CYP11A1 Structure-The CYP11A1-22HC complex likely reflects sterol binding at the end of the first monooxygenation cycle (supplemental Fig.  S1B ). During the next cycle, CYP11A1 must be reduced by its redox partner, Adx, and the aliphatic tail of 22HC must change position so that molecular oxygen can bind to the heme iron. We propose that interaction with reduced Adx induces conformational changes in the P450 that push 22HC away from the heme iron, displacing the intermediate toward the entrance to the active site. This translational mode of movement of 22HC would create the space above the iron necessary for the binding of molecular oxygen. During subsequent electron transfer from reduced Adx and oxygen binding to the iron, 22HC would remain displaced toward the entrance of the active site. However, after formation of the reactive oxyferryl intermediate and dissociation of Adx, movement of 22HC back toward the heme could position the aliphatic tail for hydroxylation at C20. Similar motions of 20,22DHC could occur during the third monooxygenation cycle, leading to formation of pregnenolone.
To test our hypothesis about sterol shuttling during the catalytic cycle, we capitalized on the ability of reduced P450s to form a complex with CO that has a characteristic absorption maximum at 450 nm (supplemental Fig. S1B) (12) . A so-FIGURE 2. Absolute and difference (insets) spectra of CYP11A1 in the absence (solid line) and presence of 22HC (dashed line) and cholesterol (dotted line). Absolute spectra were recorded using 5 M CYP11A1 with the concentrations of 22HC and cholesterol being 50 M. Both sterols were added from 10 mM stocks in 45% aqueous 2-hydroxypropyl-␤-cyclodextrin. The buffer was 50 mM potassium phosphate (pH 7.2) containing 1 mM EDTA. Difference spectra in the insets were recorded using 0.4 M CYP11A1. 22HC was added from 0.1 mM stock in 4.5% aqueous 2-hydroxypropyl-␤-cyclodextrin, and cholesterol (Chol.) was added from 0.5 mM stock 4.5% aqueous 2-hydroxypropyl-␤-cyclodextrin.
lution containing ligand-free CYP11A1 and an oxygen-scavenging system was reduced chemically with sodium dithionite and divided into two cuvettes, and CO was bubbled through one cuvette. The recorded difference spectrum showed a peak at 450 nm (Fig. 3A, black line) , indicating that reduced CYP11A1 has space near the heme iron to bind CO, as expected. When repeated with an equimolar amount of 22HC added to CYP11A1 prior to reduction and bubbling with CO, no peak at 450 nm was observed in the CO spectrum (Fig. 3A,  red line) . This result is consistent with the close proximity of the C22 hydroxyl group to iron (Fig. 1) , leaving no space near the iron for CO to bind, and with prior studies by others showing that the K d value for CO increases Ͼ300-fold when CYP11A1 interacts with 22HC (24) . A control experiment with cholesterol (10-fold molar excess over CYP11A1) added prior to sodium dithionite and bubbling with CO showed a peak at 450 nm, thus demonstrating that it is the 22R-hydroxyl that blocks CO access to the heme iron in the CYP11A1-22HC complex (Fig. 3A, dashed blue line) . In the next series of experiments, CYP11A1 was reduced with Adx. The enzyme was first sequentially mixed with equimolar 22HC and a 5-fold molar excess of reduced Adx, followed by CO bubbling of one of the cuvettes. The CO spectrum was restored (Fig. 3B, green solid line) as compared with the chemically reduced CYP11A1-22HC complex (Fig. 3A, red  line) , indicating that binding of reduced Adx alters the position of 22HC and creates space above the iron for CO. Then 1 M NaCl was added to both cuvettes to induce dissociation of Adx from CYP11A1 (interactions of Adx with CYP11A1 are mainly electrostatic (25) ). The peak at 450 nm decreased significantly (Fig. 3B, green dashed line) yet did not disappear completely. After correcting for dilution, the decrease in absorbance at 450 nm was 60%. Three control experiments were then carried out. The first control experiment was with addition of 1 M NaCl to the solution of CYP11A1 mixed with reduced Adx but no 22HC present. This experiment showed only a decrease in the 450 nm peak corresponding to the dilution (Fig. 3C, solid and dashed magenta lines) . In the second and third control experiments, CYP11A1 in complex with 22HC was reduced with sodium dithionite, followed by addition of reduced and oxidized Adx, respectively, and CO bubbling. No peaks at 450 nm were observed (Fig. 3D , orange and green lines), indicating a lack of complex formation. However, according to the calculated K d values of reduced and oxidized Adx for cholesterol-bound reduced CYP11A1 (250 nM and 120 nM, respectively), the formation of these complexes should occur under the experimental conditions used (26) . It is possible that the affinities of reduced and oxidized Adx are different for cholesterol-bound CYP11A1 relative to 22HC-bound P450. Also, these affinities should be determined experimentally to assess the values calculated previously (26) .
To summarize, by using CO as a probe for the space above the heme iron, we demonstrate that binding of Adx indeed shifts the 22HC molecule, which can then displace bound CO upon dissociation of Adx. These results provide evidence for motion of 22HC both away from and toward the heme, in support of soft recognition. Our hypothesis is in agreement with previous studies showing mutually facilitated binding of cholesterol and Adx to CYP11A1 as assessed by the absorbance changes in the Soret region (27) and studies by electron paramagnetic resonance indicating reorientation of cholesterol in the active site of oxidized CYP11A1 upon interaction with reduced Adx (28) . Yet our proposed model is not consistent with a study on oxygen interaction with the reduced CYP11A1, which demonstrates that oxygen can bind to the P450 without binding of Adx (24) . We note, however, that the steric clash of bound CO with 22HC would be considerably more severe than for O 2 because of the linear coordination of CO (Fe-C-O angle of 180°) versus the bent coordination of O 2 (Fe-O-O angle of 109°).
Comparison of Bovine CYP11A1 Bound to 22HC and Human CYP11A1 Bound to 20,22DHC-While this manuscript was in preparation, the coordinates of the 2.5-Å crystal structure of human CYP11A1 in complex with 20,22DHC (Protein Data Bank code 3NA0) were released by the Structural Genomic Consortium (University of Toronto). Superposition of this structure onto our structure of bovine CYP11A1 bound to 22HC (code 3MZS) shows a root mean square deviation of 0.95 Å for all atoms of 462 aligned residues (3872 atoms of 3NA0 and 3904 atoms of 3MZS). The C␣ atom traces of the two structures are very similar, as are the positions of the substrates and substrate contact residues (supplemental Fig. S5, A-D) Similarities also extend to the shape (supplemental Fig. S5C ) and volume (624 and 625 Å 3 in 3NA0 and 3MZS, respectively) of the active site and the presence and position of ordered water molecules at the entrance to the active site, six waters in 3NA0 and seven waters in 3MZS (supplemental Fig. S5D) .
Like the 3␤-hydroxyl in 22HC, the 3␤-hydroxyl in 20,22DHC has no direct contacts with the protein and is hydrogen-bonded to two H 2 O molecules, Wat-42 and Wat-599, which are water-bridged to the side chains of His-78, Tyr-100, and Gln-416 and the Glu-91 carbonyl (supplemental Fig.  S5D ), analogs of His-40, Tyr-62, Gln-377, and Glu-53, which participate in the interactions with the 3␤-hydroxyl in 22HC. (The two CYP11A1 structures have different numbering of amino acid residues; numbering in 3NA0 is based on the sequence of the precursor protein, whereas that in 3MZS reflects the sequence of the mature protein.) The Val-96 carbonyl also participates in the interactions with the water array in 3NA0. Its analog in 3MZS does not have water contacts; instead, the Leu-210 and Asn-211 carbonyls are involved. The 20␣-and 22R-hydroxyls in 20,22DHC are at 3.3 and 3.6 Å, respectively, from the iron and, similar to 22R-hydroxyl in 22HC, are not at a hydrogen bond distance (2.8 -3.2 Å) to any of the amino acid residues or waters in the active site. Close similarity of the 22HC-and 20,22DHC-bound CYP11A1 structures supports the proposed soft recognition mechanism and sterol shuttling during the three-step catalysis.
The 3NA0 structure also has a 40-amino acid residue piece of Adx near the proximal side of the P450 molecule, presumably because CYP11A1 is in complex with Adx. However, discussion of these aspects must await the publication that accompanies the 3NA0 structure, as we need to know how this complex was obtained and whether it is functional, i.e. can perform cholesterol hydroxylation.
Comparison of 22HC-bound CYP11A1 and Cholesterol 3-Sulfate-bound CYP46A1-Both CYP11A1 and CYP46A1 oxidize the sterol aliphatic tail. The sites of cholesterol hydroxylation by the two enzymes are different, however, as are their tissue distribution, catalytic efficiencies, degrees of substrate specificity, and cellular location (5) . Also, in CYP46A1, the hydroxylation product, 24S-hydroxycholesterol, is released from the enzyme after the monooxygenation reaction and then can re-enter the active site for further hydroxylation (29) . Structural superposition reveals that the overall shape of the active site and orientation of the substrate are similar in the two P450s, yet in CYP11A1, the active site is longer, the sterol aliphatic chain is closer to the heme, and the angle between the sterol backbone and the heme plane is more acute (Fig. 4) .
Three structural elements contribute to these differences. One is the BЈ helix, which is rotated ϳ90 o in CYP11A1 (Fig.  4A) . This rotation shifts the active site tunnel and consequently the 22HC backbone (Fig. 4, A and B, insets) . The helix A-␤1 sheet loop (residues 53-61) moves outward (up to 6 Å), leading to elongation of the active site cavity in CYP11A1 compared with CYP46A1 (Fig. 4, A and B, insets) . As a result, none of the residues lining the entrance to the active site cavity can interact with the 3␤-hydroxyl of 22HC, and ordered water molecules fill this extension of the active site to allow for soft recognition. In contrast, in the cholesterol 3-sulfate-CYP46A1 complex, the active site cavity conforms much more to the substrate, and the sterol carbon 3 sulfate group forms hydrogen bonds directly with protein residues (8) consistent with the single oxidation per turnover. The surplus volume in the vicinity of the aliphatic tail of CYP11A1 (Fig. 4,  A and B, insets) , which accommodates conformational changes during sequential hydroxylation reactions, also arises from repositioning of the BЈ helix. Overall, the volumes of the active site cavities in CYP11A1 versus CYP46A1 are 625 Å 3 versus 522 Å 3 . In CYP11A1, the KЉ-L loop that lies below the heme plane and contains the cysteine residue that coordinates the iron is also shifted inward by ϳ2 Å together with the heme (Fig. 4, A and B) , bringing the latter closer to the substrate aliphatic chain. The proximity of the aliphatic chain to the site of catalysis likely contributes to the greater efficiency of CYP11A1 (k cat /K m ϭ 4.05 min Ϫ1 M Ϫ1 ) compared with CYP46A1 (0.02 min Ϫ1 M Ϫ1 ) (5). Structural Comparison of 22HC-bound CYP11A1 and Substrate-free CYP24A1-Among P450s, CYP11A1 belongs to the separate evolutionary branch of enzymes that reside in mitochondria and catalyze highly specific reactions in the biosynthesis and degradation of hormones (30) . The first structurally characterized mitochondrial P450 was CYP24A1 (10) , which performs the multistep oxidation of the side chain of 1␣,25-dihydroxyvitamin D 3 , the hormonal form of vitamin D (31) . CYP11A1 is the second mitochondrial P450 whose structure has been determined. Specificity of the enzymatic reactions, similarity of the substrates, multiple sites of sequential hydroxylation, and interactions with the same redox partner and membrane suggest conservation of tertiary structural interactions in the two mitochondrial P450s. Despite Ͻ25% of amino acid sequence identity, the root mean square deviation between CYP11A1 and CYP24A1 for 403 residue pairs based on secondary structure alignment is 2.25 Å. Superposition shows significant shifts in the position of the F and G helices, F-G loop, AЈ and A helices, and N-terminal ␤-sheet domain, which reflect closed (substrate-bound) and open (substrate-free) conformations of the active site in CYP11A1 and CYP24A1, respectively (supplemental Fig. S6 ). Despite this difference, the positions of putative membrane insertion sequences involving the F-G loop and the AЈ helix, identified based on computational analysis (10, 32) , are similar in CYP11A1 and CYP24A1 (supplemental Fig. S6 and Fig.  5A ). Therefore, the orientation of P450s with respect to the membrane suggests a similar mode of substrate diffusion from within the lipid bilayer to the active site, as implied from the locations of detergent molecules in the open form of CYP24A1 (10) . Overall, there is excellent correlation between the membrane-interacting residues in CYP11A1 identified by computational analysis (Asn-19, Trp-21, Leu-22, Tyr-25, Leu-216, Leu-219, and Phe-220) and results of site-directed mutagenesis and mass spectrometry studies (33) (34) (35) .
Binding of the common redox partner Adx occurs on the proximal face of the P450 molecule and is mediated by positively charged amino acid residues (36 -38) . These residues are located in one or more of the three secondary structural elements: in the K helix containing the conserved (K/R)(A/ G)xxKE motif, in the KЉ helix containing the invariant PxRWL motif, and at the N terminus of the L helix containing the highly conserved GRRxAEx(Q/E) sequence (10) . Two residues, Lys-339 and Lys-343, from the K helix motif, have been unambiguously shown to interact with Adx in CYP11A1 (36, 39, 40) , and four residues, Lys-378 and Lys-382 from the K helix and Arg-465 and Arg-466 from the L helix, are predicted to bind Adx in CYP24A1 (10) . These conserved basic residues and their conserved secondary structural elements are positioned similarly in CYP11A1 and CYP24A1 because of conservation of the tertiary structure interactions (Fig. 5, A and  B) . It is thus the conserved tertiary structure interactions that likely underlie the specificity of mitochondrial P450s for their shared redox partner, Adx.
In summary, we have determined the structure of mitochondrial P450 CYP11A1 in complex with the first reaction intermediate, 22HC, of its three-step catalytic cycle. The structure reveals an enlarged active site cavity containing a cluster of ordered H 2 O molecules and a lack of specific con- The gray dotted line separates the cytosol (above) and the lipid bilayer (below) with respect to CYP11A1. B, conserved positively charged residues (dark and light green in CYP11A1 and CYP24A1, respectively) and tertiary structure interactions that govern specificity for the redox partner in mitochondrial P450s. One such interaction involves the invariant glutamic acid in the K helix (Glu-383), which hydrogen bonds with the invariant tryptophan in the KЉ helix (Trp-440) in CYP24A1 (10); in CYP11A1, this interaction exists as the Glu-344 -Trp-401 hydrogen bond. In addition, Glu-432 in CYP11A1 and its counterpart Gln-471 in CYP24A1, at the N terminus of the L helix, are hydrogen-bonded to the spatially overlaid structural Wat-532 and Wat-516, respectively, which in turn interact with residues in the I (Gly-288) and E (Ala-168) helices in CYP11A1 and with Ser-211 in the E helix in CYP24A1. Coloring of atoms is the same as in Fig. 1 .
tacts to the 3␤-hydroxyl of cholesterol, implying mobility of the intermediates during turnover. Displacement of 22HC away from the heme, induced by Adx binding, and movement back toward the heme upon Adx release are demonstrated by difference spectroscopy in the presence of CO and are consistent with the structure. This soft mode of substrate recognition, allowing positional and conformational changes in intermediates as they remain trapped in the active site, provides a mechanistic explanation for the stereospecific sequential hydroxylation reactions catalyzed by CYP11A1. Comparative analysis of CYP11A1 with CYP46A1, which catalyzes a single hydroxylation of cholesterol, reveals how repositioning of two elements of the P450 fold, the BЈ helix and helix A-␤1 sheet loop region, enlarges the active site tunnel and allows for capture of up to 15 H 2 O molecules that surround the 22HC 3␤-hydroxyl group. Comparison with CYP24A1 illustrates the mechanism of closure of the active site channel upon binding substrate and establishes common features for mitochondrial P450 membrane insertion and redox partner interaction. Together, these results provide important mechanistic insight into the conversion of cholesterol to pregnenolone, a process of fundamental biological and medical significance.
